A common approach for estimating water-table depth simply and reliably is using seismic refraction. Typical layered solutions from seismic refraction are successful in areas where the water table does not fluctuate rapidly. However, there are many areas around the world where water tables rise and fall rapidly in response to intense rainfall events, especially in tropical and semi-arid regions. These areas are frequently heavily populated, and the shallow unconfined aquifers, used for drinking water and irrigation, are under increasing threat of overexploitation and pollution. To help mitigate these concerns, a reliable method to accurately determine water-table depth in these environments is required. We present a unique analysis method based on a calculated reference refraction velocity that gives not only accurate predictions of water-table depth for cases of rapidly fluctuating water tables but also accurate predictions of largest historical recorded depth to water. Data used came from a series of 60 refraction surveys carried out at 15 locations with monitoring bores in a tropical area. In a time-lapse approach, four surveys were performed at each of the bore locations over a nine-week period during both wet and dry conditions. Using a typical forward/reverse profile approach, we first calculate forward and reverse velocities. These layer velocities are then averaged using a scheme based on moisture conditions to give a reference velocity. Finally, the predicted depth for the water table is determined by identifying the depth at which this reference velocity occurs on a separately calculated refraction velocity tomogram. Results for predicting current water-table depth for the 60 surveys gave water-table depth predictions between 0.38 m above and 0.13 m below the measured water table using a 99% confidence interval. Conventional two-layer solution predictions resulted in only 28% of predictions lying within 1 m of the measured water table. Using a modification to this approach, we are also able to accurately determine the maximum historical recorded depth to water table using information on soil lithology/texture, records for the greatest recorded depth to water table, and refraction velocity tomograms at known locations. This method can then be applied to locations with similar but known lithology but without monitoring bores.
INTRODUCTION
Shallow unconfined aquifers serve as a vital resource for many countries around the world, especially in heavily populated tropical and semi-arid regions. These aquifers are used for drinking water and irrigation and are under increasing threat of overexploitation and pollution due to increased agricultural development, industrialization, and urbanization (Central Ground Water Board 2010; Banerjee et al. 2008) . Unlike deep aquifers, shallow aquifers can recharge quickly due to significant rainfall events, making them a sustainable resource if properly managed (Illinois State Water Survey 2012) . Furthermore, the hydrology of dynamic shallow aquifers is important for the biogeochemistry 1980). The phenomenon of air encapsulation and failure to distinguish four distinct saturation zones leads to the misinterpretation of seismic refraction surveys and incorrectly predicted water-table depth (Holzer and Bennett 2003) .
This study presents a reliable method for predicting current water-table depth at places where the water table fluctuates significantly over time scales of one month or less. The algorithm incorporates a reference velocity calculated from three-layer refraction velocities. This reference velocity is then used to determine the correct water-table depth from a corresponding refraction velocity tomogram produced from the same data set. The reference velocity is calculated using combinations of the three-layer velocities (V1, V2, V3) based on three categories of the estimated state of water table saturation at the site. A modification of this approach can be used to predict the greatest depth the water table has reached historically. For the modified approach, the process is done in reverse. Namely, at bore locations with known lithologies, reference velocities are picked at the measured depths of the water table from calculated refraction velocity tomograms. For known categories of local lithology, these reference velocities can then be used at sites without bores to determine depth by locating the reference velocity on a refraction tomogram and reading the corresponding depth representing maximum historical depth to water table.
STUDY SITE
Our study sites were in the Mulgrave River Basin, located in the Mulgrave River Valley, approximately 25 km south of Cairns, Australia, and in the Mitchell and Barron River Basins, located in the Atherton Tablelands, approximately 40 km west of Cairns, in the tropical northeast of Queensland, Australia (Fig. 1) . The Mulgrave River Basin near the study site receives an average of 2240 mm of rainfall each year (Mt Sophia station, 17.16° S, 145.88° E, elevation 5 m). On average, 71.4% (1600 mm) of the yearly precipitation falls during the months of January through April. In contrast, only 10.6% (237 mm) of the yearly precipitation falls during the months of June through October (Bureau of Meteorology 2011a) (Fig. 2 ), resulting in a season when water consumption becomes a critical issue. In an earlier study, seismic data sets were collected at five of the same bores within the Mulgrave River Basin, bores 1, 2, 3, 4, and 5, during the period February to May 2007. A seismic data set for a sixth bore, i.e., bore 6 in the Mulgrave River Basin, was also collected in 2007, but no longer accessible for the 2011 study (Crowell et al. 2008) .
The geology in the Cairns region is dominated by Quaternary sediments. The Mulgrave Aquifer, located in the Mulgrave River Basin, where 12 of the bores from our 2011 study are located, is composed mostly of gravelly to clayey Pleistocene and Holocene alluvium and colluvium (Nott, Thomas, and Price 2001) , reaching a maximum depth of approximately 80 m (Leach and Rose 1979) . The lithology of two of these bores (bores 3 and 11100076) consisted of clay, silt, sand, and coarse gravel down to the lowest recorded depth to water. The litholunsaturated zone, that surface of a body of unconfined groundwater at which the pressure is equal to that of the atmosphere" (Jackson 1997) . For the purpose of this study, we define the water table as "the elevation to which water will fill a borehole drilled into the top of the shallowest water-bearing zone," which is the standard for hydrologic and geotechnical practices (Holzer and Bennett 2003) . This definition of the water table equates to the top boundary of an alluvial aquifer (Cargo and Mallory 1977) . Combining an accurate depth to water table with information on depth to bedrock, i.e., the lower boundary of an aquifer, allows quantification of volume of water in an aquifer, which is of great importance for water resource allocation.
Two-layer solutions from seismic refraction surveys are the typical approach for calculating depth to water table (see for example Burger et al. 2006) . This method works for the case of 100% saturation at the water table. However, if saturation is less than 100%, this standard approach no longer gives accurate results (Butler 1990) . A study by Holzer and Bennett (2003) illustrates this phenomenon, giving predicted water table depths up to 5.70 m too deep in fine sediments where the water table was less than 4 m below the surface. Similarly, two-layer solutions from a study by Crowell, Link, and Nelson (2008) near Cairns, Australia, gave calculated depths ranging from 2.05 m above to 3.85 m below the measured water-table depth. This wide variance is fundamentally caused by reduction of compressional wave (P-wave) velocity when water saturation at the water table is less than 100% (Biot 1956a, b) . For example, a decrease from 100% to 99.9% saturation in a sand matrix reduces P-wave velocity by 25%. A decrease from 100% to 99.7% saturation reduces P-wave velocity by 50% (Allen, Richard, and Woods 1980) , and saturation less than 99.5% can actually result in velocities lower than the P-wave velocity in dry sand (Bonnet and Meyer 1988) . In regions where heavy rains occur, velocities at the water table are typically lower than the commonly used 1500-m/s value (Bonnet and Meyer 1988) , a result of air entrapment by a rapidly rising water table. Less than 100% saturation below the water table has been referred to as air encapsulation (Collis-Gerge and Bond 1981) . The occurrence of air encapsulation led Butler (1990) to categorize the subsurface into four distinct zones: (i) the nearly dry zone, (ii) the tension-saturated zone, (iii) the zone of annual fluctuation of the water table, and (iv) the saturated zone. Using our definition of water table, the current water table exists at the boundary between the tension-saturated zone and the zone of annual fluctuation, with less than 100% saturation occurring everywhere except within the saturated zone. In a tropical region with a shallow and dynamic water table, Connor et al. (2013) 
SEISMIC REFRACTION SURVEYS
A total of 72 seismic refraction surveys at 16 bore locations were included in this study. Sixty of those surveys were from the 2011 data collection at fifteen bore locations, and 12 were from a previous data collection in 2007 at six bore locations, one of which was no longer accessible for the 2011 study (Table 1 ). For the 2011 study, 15 wells in unconfined, unconsolidated alluvial aquifers were selected as sites for conducting the refraction surveys. Twelve bores were located in the Mulgrave River Basin, approximately 25 km south of the city of Cairns in the Mulgrave River Valley. The remaining three bores were located in the Mitchell and Barron River Basins, approximately 40 km west of the city of Cairns in the Atherton Tablelands (Fig. 1) . The same acquisition geometry was used at all 15 bore locations selected for this study. Four separate surveys were conducted at each bore site from September 12 to November 11, 2011. A spiked, 24-geophone array with 1-m geophone spacing was centered on the bore. The bore was located at the 21.5-m mark of the acquisition geometry, 20.5 m from the first and last recorded shots. The energy source was a 5.5-kg sledgehammer hitting a 40 × 40 × 2.5 cm steel plate at the 1-, 5-, 9-, 13-, 17-, 21.5-, 26-, 30-, 34-, 38-, and 42-m marks (Fig. 3) . Five shots were summed at each source position. First arrivals were picked (Fig. 4) in the refraction tomography software, and three-layer solutions were calculated using separate software. Note that the data exhibit low noise level, enabling accurate first arrival time picking. A typical travel-time plot (Fig. 5) shows three distinct layers with consistent travel-time residuals (circles on plot).
The seismic data for the 2011 study were collected in the period September 12 to November 11, 2011 with significant rainfall events occurring in late October and early November (Bureau of Meteorology 2011b) (Fig. 6 ). All 15 survey sites experienced a dry period when seismic surveys began September 12, 2011. The 12 survey sites located in the Mulgrave River Valley experienced a large rainfall event of 534 mm (21 in) in the 5-day period from October 18, 2011 to October 22, 2011. The only other significant rainfall events to occur within the nineweek data collection period were a 23 mm (1 in) rainfall on ogy of a third bore (bore 11100075) consisted of clay, silt, sand, coarse gravel, and boulders down to the lowest recorded depth to water. The lithology of the remaining nine bores in the Mulgrave River Basin, comprised combinations of clay, silt, and sand down to the lowest recorded depth to water. The portion of Mitchell and Barron River Basins studied, comprises recent alluvial deposits with some intrusions of basalt (Nelson et al. 2010) . The lithology of the three bores in the Mitchell and Barron River Basins comprised combinations of clay, silt, and sand down to the lowest recorded depth to water. Lithologies for the 15 bores were recorded by the Queensland Department of Natural Resources and Mines. Those surveys were carried out using a shoot-and-pull method with a string of 24 gimbaled geophones with 1-m spacing. Two refraction surveys were conducted at each bore. The number of shots ranged from 8 to 20 shots per survey with shot offset varying from 1 to 3 m (Crowell et al. 2008 ). For our extended study, we used the 1-m offset shots to produce a refraction tomography velocity profile for each survey, along with layered solutions.
The 2007 surveys were conducted during the months February to May 2007, the time of year when there are typically many significant rainfall events (Fig. 7) . Applying our water-table depth estimation algorithms to the 2007 data allowed for extended application and verification of our methods to estimate watertable depth in wet and drying conditions. Zelt et al. (2003) showed that, if a sharp boundary such as the water table exists in the subsurface, its depth can be located on a gradient velocity model by the velocity contour that corresponds to the value midway between the velocities above and below the boundary. Based on their results and how sensitive refraction velocity is to saturation ratio, we developed an averaging algorithm to calculate a reference velocity (V cwt ), which when used with the November 2, 2011 and a 110 mm (4 in) rainfall event from November 5 to November 8, 2011, occurring only at the 12 surveys sites in the Mulgrave River Valley (Bureau of Meteorology 2011b, c). These large rainfall events caused significant changes in water-table depths and seismic velocities, thus allowing for a comparison of data from wet conditions (i.e., immediately following a significant rainfall event), drying conditions (i.e., days after a significant rainfall event), and dry conditions (i.e., weeks since a significant rainfall event).
METHODOLOGY Estimating Depth to Current Water Table
Previous seismic refraction surveys had been conducted in 2007 at some of the same bores in the Mulgrave River Valley (Table 1) .
FIGURE 3
Schematic of 2011 acquisition geometry used at the fifteen bore locations selected for this study. (Fig. 8) . This occurs at 99.7% saturation and represents the condition where P-wave velocity changes most rapidly, thus acting as if a refracting boundary is present if one considers a change from low velocity to high velocity as a boundary. The second refraction velocity, V3, represents approximately 100% saturation (Biot 1956a, b) . The saturation value and associated velocity at just below the current water-table depth depend upon the recent history of rainfall and water-table depth. We calculate the velocity at the current water table (V cwt ) based on rainfall conditions prior to the time of a survey at the bore location. Different calculations are required for determining V cwt depending on whether (i) there has been recent recharge and rise in water table level, (ii) there has been no recent recharge or change in water table level, or (iii) the water table is falling. These conditions will be referred to as wet, drying, and dry conditions, respectively. refraction tomography velocity profile, correctly predicts the current water-table depth. This is a significant improvement over using velocities from two-layer solutions, which only correctly predicted water-table depth to within 1 m, 28.4% of the time.
Our algorithm for calculating water-table depth uses both refraction tomography and a layered solution approach. Refraction velocities are calculated using a three-layer solution from which a single reference velocity is determined. This reference velocity is then used with the refraction tomography velocity profile to predict water-table depth. In the three-layer solution, V1 represents the surface velocity, V2 is the first refraction velocity, and V3 is the second refraction velocity. V2 occurs at the saturation value where and V3 because the water table is between the depths of 99.7% saturation (V2) and 100% saturation (V3). The velocity cap of 2000 m/s for V3 is applied because the interface at 100% saturation does not occur at velocities higher than 2000 m/s in fine-grained sediments (Bourbie et al. 1987) . Note that the water table is deeper under dry conditions than under drying conditions.
Estimating maximum recorded depth to water table Predicting the greatest depth to which the water table has dropped provides important information. First, it provides a guide for the minimum depth to which monitoring or water supply bores should be drilled in order to provide uninterrupted data or water supply. Second, when combined with data on depth to bedrock, it can be used for estimating the minimum aquifer volume that would be available in seasons lacking significant rainfall.
Building on the approach derived for predicting current depth to water table, a method was also derived for predicting We consider the saturation value of 99.7% the critical value as it is the value that determines V2, which is the first refraction velocity. During wet conditions, the water table is shallower than the 99.7% saturation depth such that saturation at the water table is less than 99.7%. In drying conditions, the water table is deeper than the 99.7% saturation depth and saturation at the water table is greater than 99.7%. During dry conditions, the water table is deeper still than the 99.7% saturation depth but not necessarily at the 100% saturation depth. The second refraction velocity V3 occurs at the depth where saturation is >99.9% or approximately100% saturation (Fig. 9) .
Based on these observations, we developed the following algorithm for predicting water-table depth. 1) Pick first arrivals in refraction tomography software. 2) Calculate 2D refraction tomography velocity/depth profile from first arrivals. 3) Calculate V1, V2, V3 using layered solutions for 1-m offset (forward and reverse) shots. 4) If V3 > 2000 m/s, set V3 = 2000 m/s. 5) Calculate velocity at the water table (V cwt ). If the refraction survey was during: a) wet conditions, V cwt = mean(V1, V2); b) drying conditions, V cwt = mean(V1, V2, V3); c) dry conditions, V cwt = mean(V2, V3). 6) Locate depth, to the nearest centimeter, for V cwt at the 21.5-m position (midpoint) on the refraction tomography profile, to find predicted water-table depth.
The key to the calculations is the relative depth of the water table in relation to the ground surface and the depths of critical saturation (99.7%) and 100% saturation for the wet, drying, and dry conditions. During wet conditions, V cwt is calculated as the mean of V1 and V2 because the water-table depth is between the ground surface (V1) and the depth of 99.7% saturation (V2). For drying conditions, V cwt is calculated as the mean of V1, V2, and V3 because the water-table depth is close to, but slightly deeper than the depth at 99.7% saturation. Finally, for dry conditions, we calculate V cwt as the mean of V2 
FIGURE 8
Relationship between P-wave velocity and percent water saturation (Biot 1956a, b) . Note that 99.7% critical saturation occurs at 750 m/s.
FIGURE 9
Schematic illustrating relationships for critical saturation (99.7%) 100% saturation, and water-table depths for wet, drying, and dry conditions. with 56.9% of the predictions greater than 1 m above the measured depth and 14.7% greater than 1 m below the measured depth (Fig. 10) . Applying our algorithm to calculate water-table depth in the 2011 study for all 60 refraction surveys at the 15 bores gave a good fit between predicted and measured values (Fig. 11) . Calculating a 99% confidence interval, we are 99% confident that the predicted water-table depth lies between 0.38 m above and 0.13 m below the measured water-table depth, with the average difference between predicted and measured water-table depth being only 0.12 m. All water-table depths were measured to the nearest centimeter.
Following are three examples representing each of the conditions (dry, wet, and drying) illustrating the application of the algorithm for predicting current water-table depth.
Data for the dry condition example were collected at bore 11100049 on October 10, 2011, when there had been no significant rainfall for a more than two months (Fig. 6 ). First arrivals were picked, and a 2D refraction tomography velocity profile was calculated. Three-layer solutions were then calculated for the 1-m offset forward and reverse shots. For the 1-m forward shot, V1=356 m/s, V2=762 m/s, and V3=1796 m/s (Fig. 12a) . For the reverse shot, V1=360 m/s, V2=800 m/s, and V3=1792 m/s. Using the dry condition, V cwt = mean(V2,V3), or 1288 m/s. maximum depth to water table. This method can be applied at locations where lithology is known but no bores have been installed, or where bores are present and there has not yet been a sufficiently long monitoring period to know the maximum depth to which the water table can reach. To develop the method, we used the refraction tomography results at each borehole instead of layered solutions and determined velocity at the maximum recorded depth to water table (V mwt ) by calculating the mean velocities at the 21.5-m (midpoint) position of the velocity tomograms at the largest recorded water-table depth for bores with the same lithology ( Table 2 ). All of the bores used had water-table depth records of at least three years prior to this study. This mean V mwt value can now be used to estimate the maximum depth to water table at locations without bores, but with known lithology types.
RESULTS

Current water-table depth
Predicting water-table depth using the typical two-layer approach in our study area results in significant differences between predicted depth and measured depth. Our two-layer solutions using 1-m offsets resulted in only 28.4% of the predictions being within 1 m of the measured water-table depth. Predicted depths ranged from 5.88 m above to 3.12 m below the measured depth, Plot showing water-table depth error for 2011 standard two-layer refraction solutions at the study site. Negative values indicate that the predicted depth was above the measured depth. Positive values indicate that the predicted depth was below the measured depth.
FIGURE 11
Final results for predicting current water-table depth using 2007 and 2011 data sets. Using the reference velocity method we obtain consistently good results for dry, drying, and wet conditions. Note that greatest depths occur in dry conditions.
For the wet condition example, data were collected at the same bore location (11100049) on November 9, 2011, shortly after significant rainfall (Fig. 6) . Using the same approach, the layered solutions for the 1-m offset forward shot gave V1=353 m/s, V2=798 m/s, and V3=2025 m/s (Fig. 12b) . Velocities for the 1-m offset reverse shot were V1=356 m/s, V2=777 m/s, and V3=2316 m/s. Using the wet condition, V cwt = mean(V1,V2) or 571 m/s (Fig. 13b) , much lower than a typical refraction velocity. Picking the depth for this reference velocity from the tomography velocity profile gave a predicted water-table depth of 3.78 m. The measured water-table depth was 3.40 m, which is a difference of 0.38 m.
Data for a drying condition example were collected at bore 11100075 on October 24, 2011. Again, using the same approach, the layered solutions for the forward shot gave V1=352 m/s, V2=1127 m/s, and V3=1679 m/s (Fig. 12c) . Velocities for the reverse shot were V1=356 m/s, V2=762 m/s, and V3=1664 m/s. Using the drying condition, V cwt = mean(V1,V2,V3), or 990 m/s (Fig. 13c) , again much lower than the typical refraction velocity. The predicted water-table depth for this reference velocity was 4.66 m compared with the measured water-table depth at this location of 4.58 m, a difference of only 0.08 m.
In further application of our algorithm described in this paper, results from the 1-m offset 2007 surveys gave an average difference between predicted and measured current water-table depth of +0.16 m with a 99% confidence interval of between 0.55 m above and 0.22 m below the measured water-table depth (Fig. 11) .
We also analyzed the 2007 refraction surveys that were recorded with 2-m and 3-m shot offsets using the approach described here. We observed that, as the shot offset increased, the accuracy of the predicted depth decreased for both current watertable depth and largest depth to water table.
Largest recorded depth to water table
The method to estimate the maximum depth to water table is similar to that used for estimating depth to current water table. However, the velocity at the maximum water-table depth is based on lithology instead of saturation conditions. Applying the algorithm to determine the largest recorded water-table depth in the 2011 study for all 60 refraction surveys at the 15 bores gave a good fit between predicted and measured values (Fig. 14) . Calculating a 99% confidence interval, we are 99% confident that the predicted largest recorded water-table depth will be between 0.172 m above and 0.160 m below the measured largest recorded water-table depth.
For the 48 surveys at bores with clay, silt, and sand lithology, the mean velocity at the largest recorded water-table depth was 1298 m/s with a 99% confidence interval of 1270 m/s to 1327 m/s. Using V mwt = 1298 m/s gave an average difference between predicted and measured largest water-table depth of +0.005 m (0.005 m below the largest recorded water-table depth) with a 99% confidence interval between 0.157 m above and 0.168 m below the largest recorded water-table depth.
The predicted water-table depth for this reference velocity was 7.21 m at the center position on the tomography velocity profile (Fig. 13a) . The measured water-table depth at this location was 7.09 m, which is a difference of 0.12 m. Mean velocity at the maximum recorded depth to water table was 2010 m/s for the four refraction surveys at bores whose lithology included coarse gravel and boulders, with a 99% confidence interval of 1859 m/s to 2123 m/s. Using this mean velocity gave an average difference between predicted and measured largest water-table depth of -0.10 m (0.10 m above the largest recorded water-table depth) with a 99% confidence interval between 1.01 m above and 0.90 m below the largest recorded water-table depth.
Analysis of the 2007 data for largest depth to water table gave an average difference between predicted and measured largest water-table depth of +0.40 m with a 99% confidence interval between 0.01 m below and 0.80 m above the mean measured largest depth to water (Fig. 14) .
DISCUSSION
Our results indicate that air encapsulation is a function of subsurface lithology and rainfall. Even with the highly variable saturation conditions associated with large rainfall events, water-table depth can be accurately estimated using seismic refraction if the correct seismic refraction velocity is known for given lithology and saturation conditions.
Based upon the findings of Biot (1956a, b) conducted in sands, the reference velocity (V cwt ) during wet conditions was less than 50% of the velocity at 100% saturation, indicating that the saturation at the water table was between 99.5% and 99.7%. During drying conditions, V cwt was greater than 50% of the velocity at 100% saturation, indicating that the saturation of the water table was between 99.7% and 100%. V cwt during dry conditions was greater than the reference velocity during drying conditions but still less than the velocity at 100% saturation. This indicated that the saturation at the water table was higher during dry conditions than it was during drying conditions but still less than 100% (Fig. 9) . Interestingly, our algorithm used to predict depth to water table was very accurate, even with the variable texture of the lithology present. Nevertheless, this confirms that, over time, encapsulated air will diffuse, given that no new rainfall has occurred.
Predicting largest recorded water-table depth was found to be independent of rainfall events and recent movements in the water table, but instead related to lithology. Lithology type is the determining factor for calculating a reference velocity in this case. This reference velocity (V mwt ) is calculated from refraction tomography profiles by averaging velocities at the known largest recorded water-table depth at existing bores. The reference velocity can then be used in reverse at locations without bores, to correctly predict absolute maximum depth to water table during wet, drying, or dry conditions.
Our study sites comprised three aquifer texture categories: (i) fine sediments, such as clay, silt, and sand; (ii) coarse gravel and fine sediments; and (iii) boulders, coarse gravel, and fine sediments. For the 12 bores (48 refraction surveys) with fine For the eight surveys at bores where coarse gravel was recorded, mean velocity at the maximum recorded depth to water table was 869 m/s with a 99% confidence interval of 730 m/s to 1007 m/s. Using this mean velocity gave an average difference between predicted and measured largest water-table depth of -0.025 m (0.025 m above the largest recorded depth to water) A second algorithm was developed for predicting the maximum depth to which the water table has historically dropped. In this case, velocity at the maximum recorded water-table depth was derived using a 2D refraction tomography velocity profile. This velocity was derived by calculating the mean velocity for several classes of lithology at the maximum water-table depth for refraction surveys at bore locations. This resulted in a unique velocity for each lithology type that can be used with refraction surveys at sites without bores but known lithology.
We applied our algorithm approach to an independent data set acquired at a different time with different rainfall conditions and different data collection geometry. Analyzing these data using our approach gave greatly improved water-table depth prediction accuracy compared with what was possible using typical twolayer refraction solutions.
The approach developed in this study gives accurate current water-table depth predictions and maximum historical water table predications using seismic refraction methods in a tropical region where rainfall, air encapsulation, and subsurface lithology have a dramatic effect upon the results. This method, when combined with information on depth to bedrock, can quantify the volume of water available in aquifers where significant rainfall events cause air encapsulation at the water table, and allow for more accurate estimates for the range of volume. texture, the velocity calculated for the known maximum watertable depths was V mwt = 1298 m/s. Thus, the seismic velocity of 1298 m/s would be indicative of the largest depth to which the water table has historically dropped at sites with similar lithology where bores do not exist. This velocity value indicates that less than 0.1% of pore volume is encapsulated air at this depth.
For the eight refraction surveys whose lithology type was clay, silt, sand, and coarse gravel, the average reference velocity V mwt = 869 m/s. Since only eight refraction surveys were used to determine this V mwt , caution should be used before employing the reference velocity of 869 m/s to indicate the largest depth to which the water table has dropped at sites where bores do not exist. More refraction surveys should be conducted at sites with a similar lithology before confirming what seismic velocity to use to predict the largest depth to which the water table has historically dropped.
There were four refraction surveys at sites whose lithology type was clay, coarse gravel, and boulders, giving V mwt = 2010 m/s. Again, since only four refraction surveys were used to determine this reference velocity, caution should be used before employing the reference velocity of 2010 m/s. Therefore, we suggest that with refraction surveys calibrated by known lithology at bore locations, additional refraction surveys can be undertaken at sites without bores in areas with similar expected lithology. The V mwt calculated from the bore locations can be applied to refraction tomography velocity profiles collected at sites without bores, to predict lowest recorded depth to which the water table has historically dropped. When combined with information on depth to bedrock, a minimum aquifer volume can be estimated. 
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